Introduction
The efficiency of polymer-based solar cells has been increased significantly in the last years. In blends of regioregular poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) that form bulk heterojunctions (BHJs), efficiencies of more than 4 % have been reported. [1] [2] [3] A disadvantage of this type of cell is that one of the components, namely PCBM, only weakly absorbs the visible part of the solar spectrum. In this respect, all-polymer blends are promising materials for organic photovoltaics, with visible-light absorption in both components. Initially, the efficiencies of allpolymer cells made with blends of poly(dialkoxy-p-phenylene vinylene) (PPV) derivatives exhibited efficiencies lower than 1 %. [4, 5] However, recently the efficiencies of devices using PPV derivatives as a donor have been strongly increased. For an acceptor based on a red-emitting polyfluorene [6] or a cyanosubstituted copolymer, [7] efficiencies of 1.5 % and 1.7 % have been reported, respectively. Clearly, these efficiencies start to approach the 2.5 % of PPV derivatives when blended with fullerenes. [8] Blends of poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) and poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) form an efficient charge-transfer donor-acceptor system, because of the difference between their electron affinities (ca. 0.5 eV) and ionization potentials (ca. 0.7 eV). [5] Morphology studies show a strong intermixing of the two polymer phases with the size of the polymer domains formed in the blend not far from the exciton diffusion length. [5] Solar cells made of this blend have a large open-circuit voltage (V oc ) of about 1.3-1.5 eV, and an optimized device, including an additional acceptor top layer and thermal treatment, shows an efficiency of about 0.75 %. [5] However, the reason for the relatively poor performance of these devices, especially the unannealed ones, as compared to their fullerene counterparts is not clear. One of the main reasons for the relatively low efficiencies is the fact that the fill factor (FF) is less than 25 %, that is, about twice as low as for MDMO-PPV:PCBM devices. In earlier work on fullerene devices, we demonstrated that under reverse bias the shape of the photocurrent versus voltage is strongly dependent on the generation efficiency of free carriers from bound electron-hole (e-h) pairs. [9] The electric field and temperature dependence of the photocurrent can be described with a model based on Onsager's theory of geminate charge recombination. Furthermore, strongly unbalanced transport leads to the formation of space charge in the solar cell. [10] The resulting square-root dependence of the photocurrent on voltage also strongly reduces the FF of space-charge limited devices. In a recent study, the charge-transport properties of MDMO-PPV:PCNEPV blends (1:1 wt %) were investigated. Hole transport in the MDMO-PPV phase is space-charge limited and the hole mobility is equal to the value
The photogeneration mechanism in blends of poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) and poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) is investigated. The photocurrent in the MDMO-PPV:PCNEPV blends is strongly dependent on the applied voltage as a result of a low dissociation efficiency of the bound electron-hole pairs. The dissociation efficiency is limited by low carrier mobilities, low dielectric constant, and the strong intermixing of the polymers, leading to a low fill factor and a reduced photocurrent at operating conditions. Additionally, electrons trapped in the PCNEPV phase recombine with the mobile holes in the MDMO-PPV phase at the interface between the two polymers, thereby affecting the open-circuit voltage and increasing the recombination losses. At an intensity of one sun, Langevin recombination of mobile carriers dominates over trap-assisted recombination.
of the pristine polymer, being 5 × 10 -10 m 2 V -1 s -1 at room temperature. Electron transport in the PCNEPV phase is, however, strongly trap-limited. [11] The presence of electron traps leads to a highly unbalanced charge transport in this type of blend. In this work we address the possible causes of the low FF and resulting poor efficiency, and show the limiting mechanisms that must be overcome for future efficient all-polymer solar cells.
Results and discussion

The Photocurrent of MDMO-PPV:PCNEPV Solar Cells
An all-polymer BHJ solar cell consists of a polymer blend sandwiched between two electrodes. As a bottom electrode poly (3,4-ethylenedioxythiophene) :poly(4-styrene sulphonate) (PEDOT:PSS) is spin-coated on transparent indium tin oxide (ITO)-coated glass to create an Ohmic contact for holes. For electrons, LiF/Al forms an Ohmic contact with the lowest unoccupied molecular orbital (LUMO) of the electron acceptor (PCNEPV). An exciton generated in the donor and/or acceptor phase can diffuse towards the interface between the two polymers. Subsequently, electron transfer to the acceptor (hole transfer to the donor) occurs because of the difference in electron affinities and ionization potentials of the two polymers. In this way, a bound e-h pair is formed across the interface, with the hole in the donor polymer and the electron in the acceptor polymer. Because of the low dielectric constants e r of the organic materials (e r ranges typically from 2 to 4), these e-h pairs are strongly bound by Coulomb interaction, with binding energies typically of several tenths of an electronvolt. This bound pair still needs to dissociate with the help of the internal electric field in the device in order to produce free carriers, which are then transported to the appropriate electrodes. In Figure 1 , the current-density-voltage (J-V) characteristics measured in the dark (J D ) and under illumination (J L ) with 1000 W m -2 white light are shown for a typical MDMO-PPV:PCNEPV (1:1 weight ratio) solar cell, with an active layer thickness of 50 nm. The current under illumination is almost linear, with an apparent inward bend, resulting in a low FF.
As a result, the high open-circuit voltage of MDMO-PPV:PCNEPV solar cells is counterbalanced by a low short-circuit current and low FF, leading to poor efficiencies. To study the dependence of the photocurrent on electric field we plotted in Figure 2 the photocurrent (J ph = J L -J D ) of a typical MDMO-PPV:PCNEPV solar cell, against the effective applied voltage (V 0 -V), where V 0 is the compensation voltage, which is defined as the voltage for which the photocurrent J ph is zero. [9] In MDMO-PPV:PCBM (1:4 weight ratio) solar cells, the photocurrent linearly increases with voltage at a voltage close to the compensation voltage V 0 (V 0 -V < 0.1 V) due to a competition between drift and diffusion currents. For V 0 -V > 0.1 V, the photocurrent enters the saturation regime where it can be approximated by J ph = eG(E,T)L, where e is the elementary charge, G(E,T) is the generation rate of free carriers (E and T are the electric field and temperature, respectively), and L is the sample thickness. [9] The rate G(E,T) is governed by the dissociation efficiency of the bound e-h pairs, which is a field-and temperature-dependent process. As shown in Figure 2 , these two regimes also occur in the MDMO-PPV:PCNEPV solar cells: a linear regime for V 0 -V < 0.1 V (dotted line), where carrier drift and diffusion compete, followed by an S-shape-like regime (solid line) for V 0 -V > 0.1 V. Such an S-shape of the photocurrent versus effective voltage is characteristic of the field-dependent dissociation process of bound e-h pairs; at low (or zero) field there is still dissociation of bound pairs taking place via thermal excitation (as is also evident from Equation 3 when b → 0; see later). However, compared to the MDMO-PPV:PCBM cells, the dissociation efficiency at low effective voltages in the all-polymer MDMO-PPV:PCNEPV cells is much lower. In MDMO-PPV:PCBM the difference between the dissociation at low fields (V 0 -V ≈ 0.1 V) and at full saturation at high fields (V 0 -V ≈ 0 V) is typically a factor of three, meaning that a third of the bound e-h pairs are already dissociated at low fields. From Figure 2 it appears that 
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the difference in the all-polymer cell is much larger, and typically amounts to two orders of magnitude. So only a small fraction of the created e-h pairs actually contributes to the photocurrent at low voltages. It is evident that such a low dissociation efficiency is responsible for a strongly reduced photocurrent. Furthermore, the strong field dependence and resulting inward bend in the fourth quadrant ( Fig. 2 ) strongly suppresses the FF. The major question now is why the dissociation is so poor in these all-polymer solar cells.
Dissociation Efficiency
Because of the strong Coulomb binding energy in organic solar cells, only a certain fraction of the photogenerated bound e-h pairs G max are dissociated into free charge carriers, depending on the field and temperature, and therefore contribute to the photocurrent (eGL). Consequently, the generation rate G of free charge carriers can be described by
where P(T,E) is the probability for charge separation at the donor/acceptor interface. As stated above, the photogeneration of free charge carriers in low-mobility materials can be explained by the geminate recombination theory of Onsager. [12] An important addition to the theory was made by Braun, [13] who stressed the importance of the fact that the bound e-h pair (or charge transfer state) has a finite lifetime. In Braun's model, the probability that a bound polaron pair dissociates into free charge carriers at a given electric field E and temperature T is given by
where k F is the rate constant for the bound e-h pair decaying to the ground state, and k D (E) is the rate constant for their separation into free carriers, which is given by [13] k
where a is the initial separation distance of the bound e-h pair at the interface, b = e 3 E/8pe 0 e r k 2 T 2 (e 0 is the permittivity of free space), and E b is the binding energy of the e-h pair. Once separated, the charge carriers can again form a bound pair with a rate constant k R . Using the Onsager theory for the field-dependent dissociation rate constants of weak electrolytes [12] for k D (E), Langevin recombination of free electrons and holes, and a Gaussian distribution of donor-acceptor distances, the generation rate of producing free electrons and holes depends on the charge-carrier mobilities, l n and l p , of the electron and holes, respectively, the relative dielectric constant e r , the initial separation of e-h pairs a, and the groundstate recombination rate k F . As a next step, we investigated the relevance of these parameters for dissociation in the MDMO-PPV:PCNEPV all-polymer cells.
In Figure 3 the dissociation probability P(E,T) is shown for a MDMO-PPV:PCBM (1:4 weight ratio) based solar cell (solid line). For this system, an initial e-h pair separation distance a = 1.3 nm, a decay rate k f = [11] As a first step we now included these lower mobility values in the calculation of P(E,T), leaving all the other parameters equal to the MDMO-PPV:PCBM case (dashed line). At V 0 -V = 0.1 V, the dissociation probability decreased from 2.6 × 10 -1 to 2.8 × 10 -3 because of the reduced mobilities in the all-polymer system. A beneficial effect of the dissociation in the MDMO-PPV:PCBM cells was that with increasing PCBM content the spatial average dielectric constant 〈e r 〉 of the blend increased, because the e r of 4.0 of PCBM is significantly larger than the 2.1 of MDMO-PPV. [14] At a 1:4 weight ratio this resulted in an average 〈e r of 3.4. For the pristine PCNEPV we determined an 〈e r 〉 of 3.2 from impedance measurements. In a 1:1 weight ratio of PCNEPV and MDMO-PPV in the blend, this resulted in an average 〈e r 〉 of 2.6. The dotted line in Figure 3 shows the calculated dissociation probability P(E,T) with the reduced mobilities and also the reduced 〈e r 〉 included. As a result, at V 0 -V = 0. and a = 0.6 nm. The active layer was assumed for all cases to be 50 nm. The symbols show the experimental MDMO-PPV:PCNEPV solar cell photocurrent, for an active layer of 50 nm.
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As a final step we also modified the dissociation parameters a and k f (dashed-dotted line): using k f = 1 × 10 2 s -1 and a = 0.6 nm, a good agreement with the experiment was obtained. Compared to the MDMO-PPV:PCBM blend, the separation distance between the bound e-h pair was strongly reduced, together with a decrease of its decay rate. This indicated that in the all-polymer blend the e-h pairs were strongly bound with a small separation distance, and a small decay rate, giving a longlived charge-transfer state. It is evident that a small separation distance will lead to a reduced dissociation efficiency, because the Coulomb binding energy will strongly increase. For polymeric heterojunctions based on polyfluorenes, it is known that exciplexes are formed, indicative of a strong coupling between the electron and hole. [15] On the other hand, a strong coupling between the bound electron and hole is also expected to increase their recombination rate k f . This increased recombination is in contrast to the small recombination rate that we obtain. An explanation might be that excitons are regenerated at these heterojunctions and, because of their long lifetime, can be back transferred into the bulk as an exciton. [15] Subsequently, part of these regenerated bulk excitons are dissociated again at the heterojunction, and again appear as bound pairs. In our dissociation model such an effect would show up as an increase of the effective lifetime of the bound pair. In photophysical studies of the MDMO-PPV:PCNEPV blend, exciplex formation was also found by Offermans et al.; this formation was in competition with the formation of freecharge carriers, which can be described by the dissociation efficiency defined by Equation 2. [16] Probably, the small separation distance between the bound e-h pair in these all-polymer blends originates from the morphology of the films. In MDMO-PPV:PCBM (1:4 weight ratio) films, PCBM is known to form crystallites, [17] which might enhance the delocalization of the electrons. This would translate to a larger initial separation distance between the electrons and holes. In the MDMO-PPV:PCNEPV blend the phase separation is not as pronounced and the morphology is closer to a full intermixing on the molecular scale, [5] leading to smaller separation distances between the bound e-h pair.
The Photocurrent-Numerical Results
In order to model the photocurrent of the MDMO-PCNEPV solar cells we used a device model [18] that included drift and diffusion, the field-and temperature-dependent generation rate G(E,T), and the carrier mobilities and trapping parameters as obtained from recent measurements. [11] In Figure 4 the measured and simulated photocurrents are shown. Because the simulations take into account that the electric field and the generation rate are not completely homogeneous, the dissociation parameters a and k f have to be slightly adapted compared to Figure 3 to get the best fit. The good agreement shows that the photocurrent of these all-polymer cells can be described within the same framework as the MDMO-PPV:PCBM cells. The major difference is the much smaller dissociation efficiency at low fields, also resulting in a steeper field dependence at higher voltage. It should also be noted that the total amount of photogenerated e-h pairs G max = 9.3 × 10 27 m -3 s -1 , as obtained from the saturated photocurrent at high reverse bias, is considerably larger than the MDMO-PPV:PCBM-based counterparts, where G max = 2.5 × 10 27 m -3 s -1 was found. [14] Clearly, the all-polymer cells absorb more light, but the problem is to get the photogenerated electrons and holes separated. From the voltage dependence of the photocurrent, no space-charge effects seem to be present, their signature being a much lower dependence on voltage, with a slope of 0.5. This voltage dependence stems from the fact that in the case of carrier accumulation J ph = eG(E,T)d, where d is the width accumulation region that is voltage dependent. To further verify that for V 0 -V > 1 V the photocurrent is saturated and can be approximated by J ph = eG(E,T)L, we also investigated the intensity dependence of the short-circuit current J sc . In Figure 5 , the measured shortcircuit current is plotted as function of light intensity. The linear behavior obtained, as expected from eG(E,T)L, also shows that space-charge effects, which would give a slope of 0.75, do not play a role at short circuit in these devices.
As a last step, we also investigated the intensity dependence of the open-circuit voltage V oc . It has been shown by Koster et al. that in the case of Langevin recombination, the open-circuit voltage V oc of a solar cell depends linearly on the light intensity, with a slope of kT/q. [19] This was experimentally verified on various PPV-based fullerene systems. However, for the MDMO-PPV:PCNEPV solar cells, as shown in Figure 6 , the experimental data showed a much steeper slope, whereas the calculated open-circuit voltage from the numerical device model with the parameters mentioned above had the expected kT/q slope. , and l n = 6.0 × 10 -11 m 2 V -1 s -1 , and the electron-trapping parameters N t = 9.6 × 10 22 and T t = 2500 K. The inset shows the magnified fourth quadrant of the J-V plot.
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Apparently, in our model of the all-polymer cells there is still a process missing. At open circuit there is no current extraction and all the photogenerated charge carriers recombine. [18] As a result, the properties of the solar cell at open circuit are strongly dependent on the recombination processes. In a previous paper we demonstrated that electron transport in the PCNEPV phase is strongly trap-assisted. [11] In such a case, electrons are immobilized in the traps, and can, subsequently, recombine with free holes. Such a trap-assisted recombination path has not been included in the device model so far, because in the earlier studies on PPV-fullerene cells electron and hole transport could be regarded as trap-free. Trap-assisted recombination is described by the Shockley-Read-Hall (SRH) equation, [20, 21] for which the recombination rate is given by [22] R C n C p N t pn
where C n and C p are the capture coefficients of electrons and of holes, respectively, N t is the density of electron traps, n and p are the electron density in the conduction band and the hole density in valence band, respectively, and
and is the intrinsic carrier concentration in the sample. In Figure 7 we show the influence of C n and C p , which are assumed to be equal (every trapped electron can capture a free hole), on the light-intensity dependence of the V oc . Using C n = C p = 1.4 × 10 -18 m 3 s -1 , the light-intensity dependence of the V oc is in agreement with the experiments. In this case, both Langevin and SRH recombination play a role in the solar cell.
Including the trap-assisted recombination in the device model, we recalculated the photocurrent of the MDMO-PPV:PCNEPV all-polymer cell as shown in Figure 8 . The dissociation parameters are not affected by the inclusion of the SRH recombination. As stated above, recombination is especially important at open circuit. However, at short circuit and in reverse bias almost all of the electrons and holes are extracted and recombination losses become negligible.
To understand the device operation it is important to know which recombination mechanism is responsible for the losses in the solar cell. As shown in Figure 9 the strength of the Langevin recombination is clearly dominant compared to the traplimited SRH recombination at 1000 W m -2 . This is another reason why the inclusion of SRH recombination does not strongly affect the calculated photocurrent shown in Figure 4 , where only Langevin recombination was taken into account. At lower light intensities (<100 W m -2 ), trap-assisted recombination takes over from Langevin recombination because it has a weaker dependence on carrier density. Thus, trapping effects are important at open-circuit voltage, but have only limited influence on the J-V characteristics at normal and high light intensities. The assumption of a strongly bound e-h pair is necessary in both cases (trap-assisted recombination or not) in order to model the current under illumination.
We checked the validity of our model on a much thicker device, of 230 nm, as can be seen in Figure 10 
can be modeled with all the parameters kept the same. The only correction made is for the maximum generation rate G max , which for thicker samples has a lower rate because it represents an average value over the sample thickness. In this case the rate amounts to 3.5×10 27 m -3 s -1 . Trap-assisted recombination was included as well, with the same value for the capture coefficients as for the thin device of 50 nm. The efficiency of this type of solar cell can be further increased by thermal treatment: annealing at 120°C for 15 min leads to an efficiency increase from 0.25 % to 0.5 %. Adding another acceptor layer increases the efficiency even further towards 0.75 %, as has been shown in Veenstra et al. For the unannealed devices, we have shown that the low FF and performance originates from a low dissociation efficiency. This poor dissociation is a combined effect of low mobility, low dielectric constant, and the small separation distance between electrons and holes (related to the morphology). As can be seen from Figure 11 , annealing strongly changes the shape of the photocurrent. At high bias the photocurrents coincide, showing that the amount of photogenerated e-h pairs have not changed. The change of the S-shape-like form indicates that annealing improves the dissociation efficiency in this type of cell. However, the main mechanism through which this improvement is achieved is not obvious: an increase in mobility, due to a better transport after annealing, a change in the dielectric constant, or a change in morphology upon annealing, facilitating the dissociation. This subject is presently under investigation.
Conclusion
We have investigated the photogeneration and recombination of charges in blends of all-polymer BHJ solar cells based on MDMO-PPV:PCNEPV. The electron traps present in the PCNEPV phase contribute to the recombination losses of the system at low light intensities. The trap-assisted recombination dominates the superlinear light-intensity dependence of the open-circuit voltage observed for this type of solar cell. However, at a light intensity of 1 Sun, the Langevin recombination is the main loss mechanism, dominating over the trap-assisted recombination. The photogenerated current is dominated by the poor dissociation efficiency of the strongly bound, longlived electron-hole pairs. The combination of low carrier mobilities, low dielectric constant, and morphology gives rise to strongly field-dependent photogeneration efficiency, which explains the low photocurrents at operating voltages in the fourth quadrant, as well as the strongly reduced fill factor.
Experimental
The electron donor MDMO-PPV was synthesized using the sulfinyl route [23] yielding a molecular weight of 300 kg mol -1 and a polydispersity index of 2.7.
As electron acceptor, PCNEPV was synthesized as described elsewhere [24] , with a molecular weight of 73.4 kg mol -1 and a polydispersity index of 3.3. The molecular weights and polydispersity indexes were measured against poly(styrene) standards.
The solar cells were prepared on ITO-coated glass substrates, provided by Philips Research. All substrates were cleaned, dried, and treated with UV-ozone prior to PEDOT:PSS (Bayer AG) spin-coating. After spin-coating, the PEDOT:PSS layer was dried at 140°C for 10 min, and, subsequently, the polymer blend was spin-coated from chlorobenzene solution in a nitrogen atmosphere. Subsequently, 1 nm of LiF, followed by 100 nm of Al, was deposited as a top electrode by using thermal evaporation at a chamber pressure of ca. 10 6 mbar (1 mbar = 100 Pa). The annealing of the devices was performed in a N 2 atmosphere on a hot plate at 120°C for 15 min, before the deposition of the top electrode. The devices were characterized by using a Keithley 2400 SourceMeter, the measurements being performed under a nitrogen atmosphere. To measure the illuminated characteristics (J L ), the solar cells were illuminated through the ITO electrode with a whitelight tungsten-halogen lamp, for which the intensity was set using a calibrated Si diode.
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